This article presents a novel approach to haptic teleoperation. Specifically, we use control barrier functions (CBFs) to generate force feedback to help human operators safely fly quadrotor UAVs. CBFs take a control signal as input and output a control signal that is as close as possible to the initial control signal, while also meeting specified safety constraints. In the proposed method, we generate haptic force feedback based on the difference between a command issued by the human operator and the safe command returned by a CBF. In this way, if the user issues an unsafe control command, the haptic feedback will help guide the user towards the safe input command that is closest to their current command. We conducted a within-subject user study, in which 12 participants flew a simulated UAV in a virtual hallway environment. Participants completed the task with our proposed CBF-based haptic feedback, no haptic feedback, and haptic feedback generated via parametric risk fields, which is a state-of-the-art method described in the literature. The results of this study show that CBF-based haptic feedback can improve a human operator's ability to safely fly a UAV and reduce the operator's perceived workload, without sacrificing task efficiency.
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I. INTRODUCTION
W HEN remotely controlling an unmanned aerial vehicle (UAV), the human operator typically needs to perceive the remote environment using only two-dimensional visual feedback. The limited field of view often leads to low levels of situational awareness, which can make it difficult to safely and accurately control the UAV [1] , [2] . Providing the human operator with force-based haptic feedback about the robot's environment has proven to help reduce collisions between a human-controlled UAV and the environment and improve operator situational awareness [2] , [3] . Although haptic feedback helps to reduce the number of collisions between the UAV and the environment, experimental evaluation of methods that use impedance-type force-feedback devices shows that the rate of collisions still remains relatively high even with haptic feedback [2] , [3] .
The main contribution of this paper lies in the design of a new force-feedback method based on control barrier functions (CBFs). As discussed in Section II, CBFs act as an intermediate layer between desired control inputs and actual control inputs sent to the robot, ensuring that the actual control signals sent to the robot are both safe and as close to the desired control input as possible. In this paper, we use a CBF to find a safe control input that is closest to a human operator's desired control input. We then used the difference between the control input provided by the human operator and the safe input returned by the CBF to generate force feedback for the user. This force feedback, therefore, helps guide the human user towards the input command that is closest to their current command and deemed to be safe. This contrasts with previous methods that provide force feedback in the opposite direction of the obstacle that is deemed to pose the highest risk of collision.
This paper also presents the results of a user study designed to evaluate the impact of the novel CBF-based haptic feedback on a person's ability to control a UAV. In the user study, participants flew a simulated UAV in a virtual environment with our CBFbased haptic feedback, no haptic feedback, and haptic feedback generated via parametric risk fields, which is a state-of-the-art method described in the literature. The results of the study show that the newly-proposed CBF-based haptic feedback can improve a human operator's ability to safely fly a UAV and reduce the operator's perceived workload, without sacrificing task efficiency.
The remaining of the paper is organized as follows. A related background is described in Section II. A detailed description of our method is presented in Section III. Section IV describes the design of the within-subject user study. Results of the user study and our interpretation of these results are presented in Sections V and VI, respectively. Finally, Section VII presents the main conclusions of this paper and our plans for future research.
II. BACKGROUND

A. Haptic Feedback and Guidance in Teleoperation
Haptic feedback is known to be beneficial in helping human operators remotely control a robot [4] , [5] . Many haptic feedback systems seek to improve the transparency of the teleoperation system by allowing the human to feel what the remote robot feels [6] .
Haptic feedback systems have also been designed to influence the operator's actions to enable them to better control the robot. Such feedback can either help guide the user along a desired trajectory [7] or can help the user keep the robot away from restricted regions [2] , [3] , [8] . Helping keep the robot away from restricted regions has been shown to reduce collisions and increase situational awareness in the control of UAVs [3] . Furthermore, keeping the robot away from restricted areas does not require prior knowledge or online predictions of the task goal. Therefore, our work focuses on the design of haptic feedback to keep the robot away from restricted regions.
The use of virtual fixtures is one popular method to help keep the robot away from unsafe areas [9] , [10] . Virtual fixtures are binary in nature and only exert forces when the robot is physically in contact with the restricted region, much as a ruler only exerts force on a pencil when the pencil is contacting the ruler. While virtual fixtures are useful in some domains, such as certain types of robot-assisted surgery [11] , there are many situations where the robot should not physically contact the restricted region. For example, a UAV that comes into contact with the wall would be unsafe, posing a risk to both the UAV and its environment. Therefore, other researchers have created haptic feedback to serve as a warning about the location of restricted regions in the environment.
Haptic feedback that warns the human operator of a risk of collision is particularly relevant to the teleoperation of UAVs [2] , [8] . A grounded kinesthetic (force-reflecting) control interface can be used to apply a force on the user when there is an increased risk of a collision. In these systems, the magnitude of the force is related to the risk of a collision and the direction of the force points directly away from the object that poses the greatest risk. For example, drawing on potential functions used in robotic path planning, Lam et al. proposed a parametric risk field (PRF) to calculate the risk of a collision [8] . In another example, Brant and Colton set the magnitude of the force of the haptic feedback to be proportional to the time that it would take the UAV to collide with an object in its environment if the UAV continued flying with its current velocity [2] . The results of a user study showed that this timeto-impact method was effective in reducing the number of collisions between the robot and its environment, without sacrificing task efficiency [2] . However, the rate of collisions remained relatively high. Hou and Mahony implemented both of the above methods and found that participants crashed a UAV at similar rates under both methods.
We note, that instead of giving 'warning' to the human operator, Hou and Mahony physically prevent the operator from issuing a command that would result in a collision by employing an admittance-type haptic device [3] . Although this is a valid approach, taking the control authority away from the human operator can be undesirable.
B. Control Barrier Functions
Much like a physical barrier prevents physical objects from entering restricted regions, barrier functions (BFs) were first implemented in the optimization literature to prevent solutions being returned from undesirable regions [12] - [14] . Ames et al. extended the notion of BFs to control barrier functions (CBFs) by adding safety constraints to optimization-based control methods [15] . Here CBFs are used to ensure that, if the robot is in a safe state (i.e. not in collision with an obstacle), the control input applied to the robot will keep the robot in a safe state. Wang et al. extended the use of CBFs beyond optimal control methods by creating a framework that can enforce safety constraints given a control input generated by any method [16] . This formulation of CBFs can be represented as:
whereũ ref is the control input generated by any method,ũ safe is the safe control input that is sent to the robot, and jũ Àũ ref j is some metric of the distance betweenũ ref andũ. In this formulation, CBFs can be thought of as a function that takes any control signalũ ref as an input and returns a control signal u safe , which is the control signal that is as close as possible tõ u ref , while satisfying some safety criteria. Typically, CBFs are used to enforce safety constraints on reference control signals generated by autonomous methods. However, CBFs are also well-suited to enforce safety in human-controlled robot applications. By takingũ ref to be a control signal generated from human commands, Xu and Sreenath used a CBF to achieve safe teleoperation of UAV quadrotors, ensuring that the UAV always remained in a safe physical region [17] . A potential limitation of this work is that the method alters the control signal generated by the human user, which may reduce the human's understanding of the mapping between their actions and the robot's actions.
In this paper, we still enable the human operator to maintain full control of the UAV and always use the human-generated control signal as the control signal sent to the UAV. However, we seek to improve the human's ability to safely control a UAV by using CBFs to generate haptic feedback to help guide the user to a safe control input.
III. HAPTIC FEEDBACK DESIGN
In this paper, we consider quadrotor UAVs that fly at relatively low speeds without highly aggressive maneuvers, so that the roll and pitch angles of the quadrotor will remain small. Under such conditions, we can approximate the shape of the UAV as a horizontal disk, so that only the quadrotor's x, y, and z positions will determine whether it crashes with other objects in the environment.
A common representation of the pose of quadrotor UAVs is given by s ¼ ½x; y; z; c, where x, y, and z are the Cartesian components of the UAV's center of mass and c is the yaw angle of the UAV [18] . As mentioned above, in this work, the quadrotor UAV flies at low enough speeds so that the roll and pitch angles of the quadrotor will remain small. Under this small angle assumption, there exists a linear mapping between the Cartesian accelerations of the UAV's body and the low-level control input (i.e. speed of rotation of the rotors) [17] . Therefore, it is reasonable to model the dynamics of the UAV as a second-order system, in which the control input u can be considered as an acceleration command of the UAV.
A low-level PD controller, which was a built-in VREP controller implemented using the Bullet Physics Library [19] , [20] , was used to take the desired command from the user and control the state of the quadrotor by adjusting the speed of rotation of the propellers. We note that in the simulated implementation, we did not need to consider effects due to communication time delays, errors in the estimate of the UAV's state, or limitations of the control inputs, all of which will need to be considered when implementing the method on a real UAV.
Although it is possible for a human to directly control the acceleration of a robot, acceleration control is not typically implemented because it is not intuitive for the human operator. Instead, it is more common for the human to issue commands related to either the position of the robot or the velocity of the robot [6] . The human's position and velocity commands can be compared to the robot's current state to calculate the acceleration that the human is commanding.
For example, in the implementation tested in Section IV, we use a force-feedback haptic device as the control interface that the user manipulates to control the UAV. We implement a rate-control scheme, in which the position of the control interface,p i , is scaled by constant factor, K v , to generate a velocity command,ṽ c :ṽ
The user's acceleration command can then be calculated by:
whereṽ UAV is the current velocity of the UAV and dt is the rate of the control loop. Given a human operator's inputũ ref for the control system, we use a CBF to find a safe control input,ũ safe , that is closest to the human operator's input. Details of our CBF implementation is given below in Section III-A.
We then calculate a force,F , which is applied to the user through a force-feedback control interface:
where K f is a constant parameter to adjust the magnitude of the haptic feedback. The haptic feedback is proportional to the difference between the human control input and the safe control input calculated by CBF, which means there is no haptic feedback when the human operator issues a safe command. Haptic feedback will be generated when the human control input violates the safety constraints of the CBF. We note that violating the safety constraints of the UAV does not necessarily imply that the UAV will crash during the next iteration of the control loop. Instead, the safety constraints can be designed conservatively, so that the UAV will crash only after the same control input is applied over an extended duration. This property enables us to design conservative safety constraints that will allow the human operator time to react to the haptic feedback.
A. Control Barrier Function Implementation
In this section, we provide a brief introduction to CBFs and refer the reader to [14] , [15] , [21] , [22] for complete details. CBFs can be applied to continuous-time affine control systems of the form:
with f and g locally Lipschitz, x 2 R n and u 2 R m . As a reminder, CBFs ensure that if the control system is in a safe state, the control input, u, applied to the system will keep the system in a safe state. Barrier functions are used to define the set of all safe states, C, as follows:
A barrier function must be a continuously differentiable function, for which there is an extended class K 1 function a such that, for the given control system:
for all x 2 C. Here, L f and L g are the Lie derivatives of the function b to f and g respectively. In the domain of robotics, if the state vector x only includes positions coordinates x, y, and their time derivatives, then the function b(x) could help define the physical region of safe space. For example, if there is a circular obstacle centered at the origin with radius r, then the safe set states would be all positions outside this circle. In this case, b can be described as
which would mean that the set of all safe states, C, is
Barrier functions are used to design safety constraints for the optimization problem defined in (1) . When designing such safety constraints for dynamic systems, it is advantageous to include higher-order derivatives of the barrier function. For example, the barrier function described in (8) , only considers the position of the robot. However, the velocity and acceleration with which the robot approaches the restricted region should matter because a fast approach towards the object is less safe than a slow approach. Nguyen and Sreenath and Xiao and Belta developed methods to include higher-order derivatives of the barrier function in the safety constraint while guaranteeing safety [21] , [22] . Following these methods, in this paper we implement safety constraints of the form:
where the barrier function b describes a physical region of a safe space and p is a constant parameter that must be greater than 0. A larger value of p leads to a more conservative constraint, meaning that a constraint with a higher p be violated for given control input, even when a constraint with a lower p value is satisfied. We note that when _ x and € x are zero, this higher-order constraint reduces to bðxÞ ! 0. This means that a robot can get arbitrarily close to the physical boundary if it moves at very low speeds. This property may be useful when designing haptic feedback, because hovering near an obstacle will not violate a safety constraint, and thus will not result in a force being exerted on the user.
IV. USER STUDY DESIGN
We conducted a user study to evaluate the effects of force feedback generated through CBFs on human performance in a simulated UAV teleoperation task. This study was approved as exempt by the Boston University Institutional Review Board under protocol number 5070E.
A. Experimental Setup
As shown in Fig. 1 , each subject controlled the motion of a virtual quadrotor UAV in a simulated 3D environment. The virtual environment and UAV were simulated using robot simulator V-REP [19] . During the study, the human operator controlled the UAV through a virtual hallway that contained four turns and five targets. The subject had to "inspect" each target by flying the UAV directly over the target. An overhead view of the environment and the five targets is shown in Fig. 2 . The simulated robot had a radius of 0:25 m and the width of the hallway was 2 m.
Each subject used a 3D Systems Touch Haptic Device to control the motion of the robot. As shown in Fig. 1 , participants viewed the simulated environment through a forward-facing camera and a bottom-facing camera. The view provided by the forward-facing camera was displayed on a 24-inch computer monitor. The view provided by the bottom-facing camera was shown as a 5.5-inch insert at the top right of the screen.
In this experiment, the height of the robot above the floor was fixed and the user only had control of the robot's horizontal position and yaw angle. A virtual linear spring with a stiffness of 50 N=m was used to constrain the haptic device to a plane parallel to the tabletop surface. The yaw angle of the UAV was controlled using the two buttons on the stylus of the haptic device, with one button commanding a counterclockwise rotation and the other commanding a clockwise rotation. The rate of rotation of the UAV was 0.038 rad/s when a button was pressed.
A velocity control scheme was implemented so that the user's displacement of the joystick was mapped to the UAV's commanded velocity. A dead-zone of 1 cm was implemented to help enable the user to hover the UAV. A constant 0.3 N restoring force was implemented to help the user return the haptic joystick to the deadzone. The distance of the stylus from the dead-zone was mapped to the UAV's commanded velocity through a constant of 2 cm m=s . The user controlled the robot from a first-person perspective, so that moving the stylus forward (i.e. away from the user) would result in a motion in the direction of the UAV's front-facing camera, moving the stylus to the left would result in a motion command directly to the UAV camera's left, and so on.
B. Evaluated Methods
Each subject tested the following three haptic feedback conditions methods:
N : No haptic feedback is provided to the user. Note: in this condition, the virtual springs are still used to constrain the haptic device to the horizontal plane and help the user recenter the stylus. PRF : Haptic feedback is generated using the parametric risk field (PRF), proposed in [8] .
CBF : Haptic feedback is generated using the control barrier functions, as newly proposed in this paper.
1) PRF Haptic Feedback Implementation: As described in [8] , a PRF calculates the risk of collision between the UAV Fig. 1 . Each participant used a haptic joystick to control the UAV in a simulated hallway environment. Participants were shown a first-person view provided by a forward-facing camera on the UAV. Participants were also shown the view captured by a downward-facing camera in a smaller window. Fig. 2 . Overhead view of the simulated 3D hallway. The numbers indicate the sequence of the targets that each subject was asked to "inspect". The UAV is shown at its starting location at the bottom left of the figure. and its environment. A PRF first finds the region around the UAV, termed the critical region, so that if an obstacle was within this region the UAV would unavoidably crash with the obstacle. PRF then defines a boundary around the critical region. The width of this boundary region is d 0 which is chosen so that if an obstacle is located at or beyond the outer edge of the boundary, it would pose no threat of collision. Therefore, a risk of collision is only calculated for obstacles in the boundary region. The risk of collision for each obstacle is determined by the function by some risk function, pð d d 0 Þ, where d is the distance between the obstacle and the critical region. As recommended in [8] , we chose a risk function to be:
In our implementation, we set to be d o ¼ 0:5 m. The magnitude of the force generated by the haptic device is given by M ¼ K PRF p, where K PRF is chosen so that a risk factor of 1 would correspond to the maximum force output of the haptic device, which is 3.3 N. The direction of the force feedback points directly away from the obstacle posing the highest risk of collision.
2) CBF Haptic Feedback Implementation: The unsafe region of this environment would be any position of the UAV's center of mass, x; y that results in a collision between the UAV and the wall. In the environment used in this experiment, this is equivalent to staying within the bounds of the outer rectangle of the environment and staying out of the bounds of the three smaller rectangles within this environment.
To enforce that the UAV stays within the bounds of the outer rectangle, we write one barrier function for each of the four walls. These barrier functions simply take the form of the line to which each wall is constrained, using a sign convention so that the UAV will be constrained to the proper side of the wall (i.e. to the left of the rightmost wall). We then create a safety constraint, of the form presented in (10) , for each of the four barrier functions.
To enforce that the UAV stays outside the bounds of the smaller rectangles, we applied an extended version of the super-ellipsoid function [23] , to describe the region of space contained by the region of space defined by the Minkowski sum of the UAV and the rectangle. The equation for this super-ellipsoid takes the form:
where 2l is the length of the rectangle plus the diameter of the UAV, 2w is the width of the rectangle plus the diameter of the UAV, and r is the radius of the UAV. Then the barrier function for a super-ellipsoid is then given by:
We use a Euclidean norm to determine the distance between the human's provided control input u ref and the safe-input returned by the CBF. Therefore, our CBF can be described as:ũ
where the first four barrier functions, b i , are generated from the requirement to stay within the walls of the outer rectangle, and last three barrier functions are generated from the requirement to say outside the bounds of the three inner rectangles. Using a Euclidean norm, the optimization problem of the CBF becomes a Quadratic Program, which we solved using the Python interface for the Gurobi Optimizer.
C. Experimental Procedure
Twelve subjects participated in this user study (six females, aged 20-33, two left-handed). Participants held the stylus of the haptic with their dominant hand and the haptic device was positioned to align with the subject's corresponding shoulder.
A within-subject experimental protocol was used. Each subject completed a block 8 trials with each of the three control methods. To reduce learning, fatigue, and order effects, the presentation order of the control methods was counterbalanced using a Latin Square. During each trial, the subject flew the UAV along the hallway of the simulated environment, while "inspecting" each of the 5 targets shown in Fig. 2 in order. Targets were inspected by flying the UAV directly over each target. For each trial, the UAV began in the position shown in Fig. 2 , with the camera pointing directly along the hallway. A trial began when the participant issued the first non-zero velocity command to the UAV. The trial ended when either the participant maneuvered the UAV over the final target location or when the participant crashed the UAV into the wall in such a way that the simulated UAV lost flight. Participants were told to complete the task as quickly as possible, without colliding the quadrotor with the simulated walls in the experiment.
After completing the block 8 trials for each method, subjects provided subjective measures of their experience using the NASA Task Load Index (NASA-TLX) [24] . 
D. Measures and Analysis
We recorded the UAV's position at a rate of 20 Hz. We recorded the number of successful trials, which ended when the UAV reached the final target, and the number of failed trials, which ended when the UAV crashed into the wall such that it lost flight. To examine the effect of the condition of failure rate, we fit a Poisson regression model with the number of failures at the outcome, testing condition as the co-variate of interest, and subject as a fixed effect.
For each successful trial, we compute the following metrics to evaluate the user's performance when using each of the three methods: D total : Total distance traveled by the UAV during the trial. A small value of D total means a better economy of motion.
T trial : The time difference between the start and end of a trial. A smaller T trial implies a better performance in speed. V avg : The average linear velocity of the virtual UAV. A greater value of V avg indicates a better performance. T collision : It was possible for the UAV to lightly contact the simulated wall and remain in stable flight. T collision is the total duration of time that the simulated robot was in contact with the simulated walls. A small value of T collision is preferable. These four metrics were averaged over the successful trials completed by each subject for each method. Repeated measures analysis of variance (rANOVA) was used to determine whether the method had any effect on task performance. When a significant difference in subject performance was found, Tukey's test was performed at a confidence level of a ¼ 0:05 to determine which methods led to significant differences in the metric.
V. RESULTS
The results of the failure rate of each subject for each method are shown in Fig. 3 . There were 23 total failed trials under the no haptics condition, 25 failed trials under the PRF condition, and 3 failed trials under the CBF condition. The CBF is associated with 18% of the failure rate as the no haptics condition (95% confidence interval (CI): 6.7%-54.1%, p < 0:001) and 16% of the failure rate as the PRF condition (95% CI: 5.59%-46%, p < 0:001).
As shown in Fig. 4 , the haptic feedback condition has a significant effect on the total distance traveled by the simulated UAV quadrotor (F(2,22)=9.15, p = 0.0013). The distance traveled by the quadrotor when under the PRF condition, was significantly longer than the distance traveled under Conditions N and CBF. There is no significant difference in D total when comparing Condition N against Condition CBF.
When considering the results of the trial duration, the haptic feedback condition also has a significant effect (F(2,22) = 6.34, p = 0.0067). As shown in Fig. 4 , participants took significantly shorter to complete the task with CBF-generated haptic feedback, as compared to PRF-generated haptic feedback. However, no significant differences were found when comparing no haptic feedback against PRF and CBF haptic feedback.
The results did not show significant difference among three tested methods, in terms of average velocity (F(2,22) = 1.97, p = 0.16) and collision duration (F(2,22) = 1.34, p = 0.28) for the successfully completed trials.
The subjects' subjective rating of workload and task performance, measured the NASA-TLX, are shown in Fig. 5 . No significant differences were found when comparing the effect of haptic feedback type on ratings of performance (F(2,22) = 0.99, p = 0.39) and frustration (F(2,22) = 2.40, p = 0.11). Significant differences were found when comparing the effect of haptic feedback type on mental demand (F(2,22) = 4.84, p = 0.018), physical demand (F(2,22) = 7.83, p = 0.0027), temporal demand (F(2,22) = 4.42, p = 0.024), and effort (F(2,22) = 7.20, p = 0.0039). Condition CBF has significantly lower mental demand compared with Condition N. Both physical demand and temporal demand are lower for Condition CBF as compared with the other methods. Participants reported higher levels of effort when using Condition N and Condition PRF, as compared to Condition CBF.
VI. DISCUSSIONS
The reduced number of failed trials indicates that Conditions CBF resulted in the best safety performance when compared to the conditions of no haptic feedback and PRF haptic feedback. This indicates that CBF-based haptic feedback can help the operator issue safe commands to a UAV. Although more investigation is needed, this result may also indicate that CBF-based haptic feedback can lead to higher situational awareness for operators. Both of these interpretations are supported by the fact that subjects rated mental demand and effort significantly lower when using CBF haptic feedback.
The results of the user study indicate that safety, efficiency, and user task performance are all improved with CBF haptic feedback and compared to PRF haptic feedback. We note that there are two key differences between these methods. First, CBF haptic feedback is designed to help the user issue a safe control input that is nearest to their current command, while PRF haptic feedback will help guide the user's hand directly from the object with the highest risk. Second, when the UAV is near an obstacle CBF will only generate haptic feedback is the UAV is actively approaching the obstacle with an unsafe velocity and acceleration, while PRF will always generate a repulsive force. Further research is needed to understand the effects of each of these differences.
Among successful trials, no difference was found between CBF and N. However, there are many fewer failed trials with CBF-based haptic feedback than with no haptic feedback. Together, these results indicated that CBF haptic feedback can improve safety without sacrificing the task efficiency as measured by the distance traveled by the UAV, trial time, and average UAV velocity.
VII. CONCLUSION
In this paper, we present a novel CBF approach to generate haptic feedback for human operators teleoperating UAVs. The results of a user study comparing the effects CBF haptic feedback to no haptic feedback and state-of-the-art PRF haptic feedback shows that generating haptic feedback using CBFs is a promising approach that can improve a human operator's ability to safely fly a UAV without sacrificing task efficiency.
Given the promising results of this work, our next steps will be to implement this method on a real quadrotor UAV. Therefore, we will work to address challenges in a real implementation, including effects of communication time delays and limited control inputs, as well as designing barrier functions using data from onboard sensors.
